Abstract There are few studies examining praxis in subjects with primary progressive aphasia. The aim of this study was to examine the pattern and severity of ideomotor apraxia in subjects with logopenic and agrammatic variants of primary progressive aphasia and to determine if the presence of ideomotor apraxia correlated with specific neuroanatomical structural abnormalities. Subjects with primary progressive aphasia were prospectively recruited and classified according to published criteria. Using the apraxia subtest of the Western Aphasia Battery, pattern and severity of ideomotor apraxia was examined in all subjects diagnosed with agrammatic and logopenic variants of primary progressive aphasia. The study included 47 subjects, 21 diagnosed with agrammatic variant of primary progressive aphasia and 26 with logopenic variant primary progressive aphasia. Subjects with agrammatic aphasia were older at onset than the logopenic variant (67.2 vs. 61.7 years, p = 0.02), but there was no difference in illness duration prior to evaluation. Those with logopenic aphasia showed more cognitive impairment on the Mini-Mental Status Examination (agrammatic = 26.7/30, logopenic = 22/30, p = 0.002), and a trend for more severe language impairment as measured by the Western Aphasia Battery-Aphasia Quotient (agrammatic = 82.3, logopenic = 75.2, p = 0.11). Strong correlations were found between Western Aphasia Battery-Aphasia Quotient and total apraxia, instrumental apraxia, and complex apraxia, while average to modest correlations were seen with upper limb apraxia and facial apraxia. After adjusting for age, mental status performance, and Western Aphasia BatteryAphasia Quotient score, those with agrammatic aphasia had a higher degree of total apraxia (p = 0.004), facial apraxia (p = 0.03), instrumental apraxia (p = 0.0006), and complex apraxia (p = 0.0006) than those with logopenic aphasia. The agrammatic variant of primary progressive aphasia was associated with greater praxis deficits but less cognitive impairment than the logopenic variant. The presence of ideomotor apraxia was associated with grey matter loss in the left lateral premotor cortex with extension into the motor cortex. These findings suggest that although some affected areas in the agrammatic and logopenic variants of primary progressive aphasia overlap, there exists an area that is more affected in the agrammatic variant than the logopenic variant that accounts for the greater association of agrammatic aphasia with ideomotor apraxia.
Introduction
Primary progressive aphasia (PPA) is the label used to describe a group of neurodegenerative disorders each characterized by progressive language disturbance with relative preservation of other cognitive domains [46] . The most frequent underlying pathologies include frontotemporal lobar degeneration and Alzheimer's disease [29, 45] . PPA can be further classified into a number of syndromes, and the most widely accepted classification scheme distinguishes among the following variants: agrammatic aphasia (agPPA), logopenic aphasia (lvPPA), and semantic aphasia. The agrammatic variant is characterized by speech output with grammatical errors, often with impaired syntactic comprehension, but with spared single word comprehension. Subjects with agPPA may also have motor speech deficits known as apraxia of speech [1] . Logopenic aphasia is distinguished by slow, halting speech with wordfinding pauses, phonemic paraphasias, and anomia, but relatively intact single-word knowledge and grammar [14, 15] . Semantic aphasia is characterized by anomia and early loss of single word comprehension, along with surface dysgraphia and dyslexia [16, 25] .
Apraxia is a disorder of the accurate execution of learned skilled movements in the absence of paresis, sensory abnormalities, abnormal tone, dyscoordination, or comprehension deficits [13, 41] . Ideomotor apraxia, the most widely described subtype, is characterized by spatial and temporal errors of gestural movements resulting in impairments in the posture, timing, sequencing and speed when performing skilled purposeful movements [22] . Ideomotor apraxia is commonly seen in a number of neurodegenerative disorders. It is frequently experienced, for example, by patients with corticobasal degeneration [47, 50] where it is considered one of the hallmark features of the disease. It has also been described in subjects with progressive supranuclear palsy [51, 61] , Parkinson's disease [17, 39] , and Alzheimer's disease [7, 8, 54] in which it often parallels disease severity. Praxis disturbances have been rarely studied in subjects with PPA. We sought to evaluate the pattern and severity of ideomotor apraxia in subjects with agPPA and lvPPA, and to assess the neuroanatomical correlate of ideomotor apraxia in these subjects.
Methods

Subject recruitment and clinical examination
We assessed all patients with a speech or language disorder due to a suspected degenerative disease who were referred to the department of neurology between July 2010 and July 2012. Those subjects aged 18 years or greater, meeting criteria for PPA [46] or having apraxia of speech with agrammatic aphasia, with English as the primary language, and with an informant, were recruited. Subjects were excluded if they met criteria for an alternative or coexisting degenerative disorder including primary progressive apraxia of speech [27] , semantic dementia [16] , corticobasal syndrome [3] , progressive supranuclear palsy [42] , behavioral variant frontotemporal dementia [55] , or Alzheimer's disease [43] . Each subject and informant provided written consent for participation, and the study was approved by the Mayo Clinic Institutional Review Board. All subjects underwent a standardized protocol which included neurological evaluation and video-recorded comprehensive speech and language examinations. All subjects were subsequently classified based on consensus between two speech-language pathologists (J.R.D & E.A.S). Classification was based exclusively on data obtained from the speech and language assessments and before knowledge of the neurological examination and neuroimaging results. AgPPA was diagnosed if agrammatism was present; apraxia of speech may or may not be present. LvPPA was diagnosed if there was evidence of anomia without loss of word meaning, accompanied by any combination of poor sentence repetition, frequent pauses or phonemic paraphasias. Clinical features abstracted included, gender, handedness, age at onset, duration of illness prior to evaluation, and Mini-Mental Status Examination (MMSE) [10] score as a measure of cognitive function. Neurologic examination, including tests of praxis, was performed by one behavioral neurologist (K.A.J.). The Western Aphasia Battery (WAB) [34] was administered to all subjects. For each subject, scoring was completed according to test guidelines and an aphasia quotient (WAB-AQ) was calculated as a measure of overall severity of aphasia (range 0-100), in which lower scores represent greater severity of aphasia [33] . The presence of ideomotor apraxia was based on performance on the apraxia subtest of the WAB [34] (total score range of 0-60) testing the upper and lower face and the dominant upper limb; lower scores represent greater severity. This subtest consists of 20 verbal commands that each subject is instructed to pantomime. If the pantomime effort is inaccurate, the gesture is presented by the examiner and gesture imitation is evaluated. The score reflects how accurately the gesture is performed (range 0-3; a higher score reflects better performance). These commands span four categories and encompass both transitive and intransitive gestures: upper limb (i.e. make a fist, salute, wave good-bye, scratch your head, and snap your fingers), facial (i.e. put out your tongue, close your eyes, whistle, pretend to sniff a flower, and pretend to blow out a match), instrumental (i.e. pretend to use a comb, pretend to use a toothbrush, pretend to use a spoon to eat, pretend to use a hammer, and pretend to use a key), and complex (i.e. pretend to start and drive a car, pretend to knock at a door and open it, pretend to fold a sheet of paper, pretend to make a phone call, and pretend to play the piano).
Imaging analysis
All 47 subjects underwent 3T MRI scanning with an identical acquisition protocol that included an MPRAGE sequence as previously detailed [27] . A voxel-level analysis was performed using SPM5 to assess regional anatomical correlations with total ideomotor apraxia score. All scans were normalized and segmented using customized prior probability maps and unified segmentation. Grey matter images were modulated and smoothed at 8 mm fullwidth at half maximum. A regression analysis was performed in SPM5 to assess regional grey matter correlations with total ideomotor apraxia score. Results were assessed at p \ 0.001 uncorrected for multiple comparisons.
Statistical analyses
Statistical analyses were performed using JMP software (version 8.0.0; SAS Institute, Cary, NC) with statistical significance set at p \ 0.05. Comparisons of data between the logopenic and agrammatic variants of PPA were performed using the Fisher exact test (binary variables) and Student t test (continuous variables). Pair-wise correlations were performed between WAB-AQ and apraxia variables. Given that the univariate analyses showed age of onset and performance on mental status testing to differ between the two groups, and there was a strong correlation between WAB-AQ and apraxia variables, logistic regression was used to adjust for all three potential confounders. The regression analysis was performed to determine whether the presence of each of the apraxia variables was associated with a higher likelihood of membership to the agrammatic group. Therefore, for the logistic regression analysis, group was designated as the outcome variable and WAB-AQ, age at onset and MMSE as the predictor variables.
Results
A total of 47 subjects were included in this study, 21 that were classified as agPPA and 26 that were classified as lvPPA. The demographics and clinical characteristics of subjects within the two groups are summarized in Table 1 . There was no difference in handedness, gender, illness duration, or years of education. Those with agPPA were older at onset than those with lvPPA (67 vs. 62 years, p = 0.02). Subjects with lvPPA scored lower on the MMSE (22/30 vs. 26.7/30, p = 0.002), with a trend for more severe language impairment, as measured by the WAB-AQ, than subjects with agPPA (agPPA = 82.3, lvPPA = 75.2, p = 0.11). Mean scores of each praxis category (± standard deviation) are depicted in Table 1 . There were strong correlations between WAB-AQ and total apraxia (r = 0.7; p \ 0.0001), instrumental apraxia (r = 0.6; p \ 0.0001) and complex apraxia (r = 0.7; p \ 0.0001), and average-modest correlations with upper limb apraxia (r = 0.5; p = 0.0006) and facial apraxia (r = 0.3; p = 0.03) ( Table 2) . After adjusting for age of onset, performance on mental status and WAB-AQ, subjects with agrammatic aphasia demonstrated a higher degree of total apraxia (p = 0.004), facial apraxia (p = 0.03), instrumental apraxia (p = 0.0006), and complex apraxia (p = 0.006), but not upper limb apraxia (p = 0.21), than the lvPPA subjects ( Table 1) .
The voxel-based analysis showed that there were significant correlations between total apraxia score and grey matter loss in the left lateral premotor cortex, particularly the middle frontal gyrus, with extension into motor cortex (Fig 1) .
Conclusion
Prior studies have demonstrated a close association between ideomotor apraxia and aphasia [37, 38, 49] . However, studies that have looked at ideomotor apraxia in subjects with PPA have examined a small number of subjects and did not examine specific subtypes of PPA [30] [31] [32] . In the largest of these, Joshi et al. [30] found significantly more apraxia on both tests of imitation and pantomime in ten subjects with PPA compared to controls. We now demonstrate differences in praxis severity between the agPPA and lvPPA subtypes of PPA, showing more severe praxis deficits in those with agPPA. Our two subject groups did not differ in disease duration. Furthermore, there was a trend for greater language impairment, and for significantly more global cognitive deficits, in the lvPPA group than in the agPPA group. These findings argue against greater apraxia severity in the agPPA subjects being driven by disease severity. We found a strong correlation between aphasia severity and ideomotor apraxia which may be as a result of praxis and language being served by some of the same neural structures, or, alternatively, adjacent neural networks that undergo pathologic changes simultaneously in these subjects with PPA. Why do some subjects within the same subtype of PPA have apraxia and not others? Perhaps some individuals have unilateral representation of language but bilateral representations of kinesthetic motor engrams. This has also been proposed by Kertesz et al. [36] as a plausible explanation of cases of severe aphasia, but minimal to absent abnormalities of praxis following left hemispheric strokes. The opposite has also been postulated by Selnes et al. [60] to explain transient aphasia and persistent apraxia following a left hemispheric stroke. Future studies utilizing the technique of task specific functional MR may be helpful in addressing some of these questions.
The majority of the literature has emphasized that ideomotor apraxia is more frequently seen following injury to the left hemisphere than to the right hemisphere [6, 19, 59, 62] . It is, therefore, of no surprise that we identified praxis deficits in our agPPA and lvPPA subjects, as both groups are associated with asymmetric left hemispheric atrophy. Neuroanatomical models of ideomotor apraxia postulate the site of injury to be in the left parietal lobe where motor engrams are stored [24, 40] , the arcuate fasciculus disconnecting Wernicke's area from the anterior motor regions [13] , or the premotor cortex [23] . These regions are all involved, to variable degrees, in agPPA and lvPPA. Atrophy or hypoperfusion involving the left posterior frontal lobe and insula has been demonstrated in neuroimaging studies of agPPA [15, 18, 28, 48] . In addition, the arcuate fasciculus has been shown to be involved in diffusion tensor imaging studies of agPPA [12] . On the contrary, neuroimaging studies of lvPPA have shown atrophy or hypoperfusion involving the left posterior temporoparietal cortex [14, 15, 29, 56] . Given the results of our VBM analysis, of the postulated sites of injury, the one that Complex apraxia r = 0.7 (p \ 0.0001) 1.3 (1.0-1.9) r = Spearman's correlation coefficient a Logistic regression analysis was performed to obtain OR and corresponding 95 % CI for likelihood of membership to the agrammatic aphasia group for each of the apraxia variables, with adjustment for WAB-AQ score, age at onset and MMSE Fig. 1 Three-dimensional renderings showing regions of grey matter loss that correlated to total apraxia score (uncorrected for multiple comparisons, p \ 0.001). The grey matter loss is focused in the left lateral premotor cortex and extends into the motor cortex J Neurol (2013) 260:1594-1600 1597 appeared to be accounting for the differences observed in praxis between agPPA and lvPPA in our subjects, was the left premotor cortex.
Other investigators have used voxel-based morphometry to study the neuroanatomical correlate of ideomotor apraxia in specific neurodegenerative disorders. Borroni et al. [4] studied limb apraxia in subjects with corticobasal syndrome and found apraxia to be associated with selective atrophy involving the parietal operculum bilaterally. They also found that limb apraxia correlated with reduced fractional anisotropy in the left dorsolateral parietofrontal associative fibers and the intraparietal associative fibers. Among subjects with corticobasal syndrome, Huey et al. [26] found that the presence of ideomotor apraxia correlated with reduced grey matter volume in the left supplemental motor area, pre-motor cortex, and caudate nucleus. In a study of subjects with progressive nonfluent aphasia, Rohrer et al. [57] found limb apraxia to correlate with left inferior parietal lobe atrophy. Each of these studies, including ours, identified structural changes involving regions previously hypothesized to be involved in the development of apraxia [23, 24, 40] ; however, each found structural abnormalities involving different cortical regions. The neural circuitry of ideomotor praxis is complex and it may be that injury to specific regions within the frontal and parietal lobe, or the connecting white matter tracts results in distinct errors involving posture, timing, sequencing, speed, or position in space, or in specific difficulties in performing gestures to command versus imitation, transitive versus intransitive gestures, or meaningful versus meaningless gestures. Large-scale, detailed studies of subjects with apraxia, utilizing structural and functional imaging are needed to further understand the neuroanatomical basis of apraxia.
Subjects with agPPA may be more prone to develop apraxia based on the regions of the brain susceptible to neurodegeneration; however, it may be the precise location of pathologic inclusions in certain subjects that is ultimately responsible for the development or severity of praxic deficits. Biomarker studies of lvPPA have shown evidence that Alzheimer's disease is the most common underlying pathology of lvPPA [14, 29, 44, 53, 56] . On the other hand, pathological studies of agPPA have shown frontotemporal lobar degeneration with tau positive inclusions to be the most common pathology [28, 45] and underlying tau pathology may contribute to the greater praxis deficits in the agrammatic subjects. We have previously shown that the two neurodegenerative tau pathologies associated with apraxia, i.e. progressive supranuclear palsy and corticobasal degeneration, are associated with agPPA [28] . Both progressive supranuclear palsy and corticobasal degeneration share pathologic features including accumulation of hyperphosphorylated tau in the basal ganglia [9] . Strictly isolated lesions of the lentiform nucleus of the basal ganglia in the left hemisphere or those that also affect the adjacent white matter have been shown to result in moderate to severe ideomotor apraxia in multiple studies [2, 5, 20, 35, 52] . Therefore, subjects with agPPA and apraxia may have pathological involvement of the motor circuits of the basal ganglia that also contributes to their praxis deficits.
The presence of ideomotor apraxia can impair activities of daily living [11, 21] . It is, therefore, imperative to screen for the presence of apraxia beyond apraxia of speech in subjects with progressive language disturbance given the high frequency of ideomotor apraxia and its effect on function, in order to institute therapies that may help to improve quality of life.
Our study is in accordance with the existing literature that suggests praxis and language are served by overlapping circuits that are also functionally independent [36] [37] [38] . There are likely to be distinct patterns, or differing degrees, of neurodegeneration affecting heteromodal association cortex between the two PPA variants we studied. The relationship between impairments of language and praxis has yet to be adequately understood and further studies are necessary. Although this study examined apraxia in the largest number of subjects with PPA to date, the sample size may be too small to draw strong conclusions. While we found statistically significant greater praxis deficits in the agPPA subjects, the clinical relevance of these findings remains to be determined. Longitudinal studies that evaluate praxis in subjects with PPA are necessary to learn if disease duration plays a role in the development of ideomotor apraxia and to study the evolution of apraxia over time in the different PPA variants. Additional longitudinal and clinicopathologic studies of subjects with and without apraxia within a specific PPA subtype may identify prognostic factors that influence the disease course or predict the underlying pathology. In addition, neuroimaging studies including functional imaging during language and gestures tasks in subjects with PPA compared to normal controls would contribute to our understanding of the overlap of praxis and language circuits.
None of the subjects in this study would have met criteria for another neurodegenerative disease including semantic dementia. We only had three subjects that met criteria for semantic dementia and they were not included in this study as the numbers were too small to allow for any meaningful comparisons. Of the 47 subjects in this study, it is unclear whether all would meet the recently published criteria for PPA variants [16] . In fact, of the 21 subjects that we classified as agPPA for this study, 11 showed a speech pattern in which the apraxia of speech, and not the agrammatic aphasia, dominated the presenting syndrome.
Furthermore, some of the subjects classified as lvPPA would not meet the recommended criteria for lvPPA [27] since some did not have all of five features present at the time of evaluation which is necessary for diagnosis. These findings are in keeping with a recent study that showed that a large majority of their subjects with speech and language deficits could not be classified using the recent criteria [58] . Although we cannot state whether our subjects would meet all criteria for consensus diagnosis of the two variants, we are confident that none of the subjects we diagnosed as having lvPPA would have met consensus criteria for a diagnosis of agPPA, and vice versa.
